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Abstract
Sickle cell disease (SCD) is characterized by chronic anemia and vaso-occlusion leading to organ
damage. The relative contribution of anemia severity and hemolysis to specific complications remains
unclear, particularly in underrepresented populations. We conducted a retrospective cross-sectional
study of 180 adults with SCD in Panama. Hemoglobin and lactate dehydrogenase (LDH) were
categorized into quartiles. Multivariable logistic regression assessed associations with acute chest
syndrome, stroke, leg ulcers, and avascular necrosis, adjusting for age, sex, and hydroxyurea use. Lower
hemoglobin levels were associated with reduced risk of avascular necrosis in the overall cohort (OR
0.12; 95% CI, 0.03–0.62; p = 0.011) and in the HbSS subgroup (OR 0.14; 95% CI, 0.03–0.72; p = 0.019).
Higher LDH levels were associated with increased risk of acute chest syndrome (OR 1.37; p = 0.033) and
avascular necrosis in HbSS (OR 2.68; p = 0.044). No significant associations were found for stroke or leg
ulcers. These findings suggest overlapping roles of anemia and hemolysis in SCD complications.

INTRODUCTION
Sickle cell disease (SCD) is one of the most common genetic disorders worldwide (1) and represents a
major public health concern, particularly in low- and middle-income countries. It is estimated that more
than 300,000 children are born with SCD each year, with projections exceeding 400,000 annual cases by
2050, reflecting its growing global burden (2, 3).

From a pathophysiological standpoint, SCD results from a β-globin mutation that produces hemoglobin
S, which polymerizes under deoxygenated conditions, leading to erythrocyte deformation. This process
drives two central mechanisms: chronic hemolysis and vaso-occlusion, both of which contribute to
progressive organ damage and most clinical manifestations (3, 4).

Clinically, SCD is highly heterogeneous. Some patients develop predominantly vaso-occlusive
complications, such as pain crises and avascular necrosis, whereas others exhibit manifestations more
closely related to hemolysis, including endothelial dysfunction and vascular complications. This
variability has led to the proposal of distinct pathophysiological sub phenotypes, broadly categorized as
hemolysis-driven or viscosity-driven (5, 6). These mechanisms suggest that hemolysis and hemoglobin
concentration represent distinct but interrelated pathways in the development of clinical complications.

In this context, laboratory parameters such as hemoglobin and lactate dehydrogenase (LDH) have
gained relevance as indirect markers of these processes. LDH has been widely used as a marker of
intravascular hemolysis and has been associated with increased disease severity and vascular
complications. Recent studies have reinforced its role in clinical risk stratification in SCD (7–9). Among
available biomarkers, hemoglobin and LDH are readily accessible in routine clinical practice, making
them especially relevant for risk stratification across diverse healthcare settings.

Hemoglobin levels not only reflect anemia severity but also influence blood viscosity. Relatively higher
hemoglobin levels may promote vaso-occlusion by increasing microvascular flow resistance, potentially
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contributing to complications such as avascular necrosis (5, 10).

Despite these advances, the independent and combined contributions of hemolysis and anemia severity
to specific clinical complications remain incompletely defined, and findings have been inconsistent
across populations. Furthermore, data from Latin America, particularly in adult populations, are limited,
restricting the generalizability of existing evidence and the understanding of disease expression in these
settings (11, 12).

This gap limits accurate risk stratification and the optimization of therapeutic strategies. In addition,
variability across populations suggests that socioeconomic factors, access to care, and genetic
background may influence disease phenotype and outcomes (2, 13).

To address these gaps, we conducted a cohort study of adult patients with SCD in Panama, a population
characterized by a high burden of chronic complications.

The objective of this study was to evaluate the association between anemia severity and hemolysis,
measured by hemoglobin and LDH levels, and the development of vascular complications in adults with
SCD. We hypothesized that higher LDH levels and lower hemoglobin concentrations are associated with
an increased risk of clinical complications.

MATERIALS AND METHODS

Study design
We conduct an observational, analytical, retrospective, cross-sectional study to assess the association
between anemia severity and LDH levels with vascular complications in adults with sickle cell disease,
done between January 2023 and December 2024, at the hematology outpatient clinic of Santo Tomás
Hospital. Adult patients aged ≥ 18 years with confirmed sickle cell disease (HbSS, HbSC, or HbSβ⁺) were
eligible for inclusion and identified through institutional clinical registries. Exclusion criteria included
incomplete clinical, laboratory data required for the analysis and patients with other hematologic
conditions that could affect hemolysis markers or hemoglobin levels.

Data collection
Data were obtained from clinical records and laboratory databases. Complications and treatment use
were recorded based on physician documentation and laboratory data. All measurements were
performed within the same healthcare system, ensuring comparability across patient groups,
hemoglobin, LDH, bilirubin, reticulocyte count, and other laboratory parameters were measured as part of
routine clinical care using standardized hospital laboratory methods. The estimated glomerular filtration
rate (eGFR) was calculated using the Chronic Kidney Disease–Epidemiology Collaboration formula (CKD-
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EPI) 2021 (14). The number of transfusions, hospitalizations, and vaso-occlusive crises were defined as
the total number of events occurring within the 12 months preceding each patient’s inclusion date.

The primary outcomes were sickle cell disease–related vascular complications, including acute chest
syndrome, stroke, leg ulcer, and avascular necrosis. Outcomes were defined according to documented
clinical diagnoses in the medical records. Selection bias was minimized by including all eligible patients
meeting predefined criteria within the study period. Information bias was reduced by standardized
clinical and laboratory records. Residual confounding cannot be excluded given the observational nature
of the study. Race and ethnicity were recorded from clinical records as reported in institutional registries.
No sample was calculated, as this was a retrospective study including all eligible patients within the
study period.

Statistical approach
The characteristics of the three phenotypic groups (HbSS, HbSC, and HbSβ⁺) were compared using the
chi-squared test or Fisher’s exact test, as appropriate. Continuous variables were compared using the
Kruskal–Wallis test, while Associations between hemolysis biomarkers and clinical outcomes were
evaluated using logistic regression models, reporting odds ratios (ORs) with 95% confidence interval
(CI). Anemia severity was assessed using hemoglobin levels and categorized into; quartile 1 versus
quartiles 2–4. LDH was used as a marker of hemolysis and categorized as high versus low based on the
upper quartile (quartile 4 vs quartiles 1–3). Multivariable models were adjusted for age and sex, with
additional adjustment for hydroxyurea use in the hemoglobin model. The associations were assessed in
the whole population and in the SS phenotypic group. Analyses were performed using available-case
analysis. Missing data were reported where relevant. The analysis was made using Jeffreys's Amazing
Statistics Program (JASP) version 0.96, graphical visualizations, including forest plots, were produced in
R version 4.5.3. A 2-sided P value < 0.05 was significant.

Ethical considerations
The study was registered in the Clinical Research Registry System of the Ministry of Health of Panama
(RESEGIS) under code 4875 and was approved by the Institutional Research Ethics Board of Hospital del
Niño Dr. José Renán Esquivel under code 202601-0009. Given the retrospective design the requirement
for informed consent was waived.

RESULTS

Population description
A total of 220 adult patients with sickle cell disease (SCD) treated at the hematology outpatient clinic of
Santo Tomás Hospital in Panama met the eligibility criteria for our study. Twenty of these patients were
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excluded: 10 due to incomplete clinical data, 13 due to missing laboratory results, and 2 due to the
presence of other hematologic malignancies. Therefore, our study cohort consisted of 180 adult patients
with SC. These patients were classified according to their SC phenotypes as follows: 156 patients with
HbSS (86.7%), 21 with HbSC (11.7%), and 3 with HbSβ+ (1.7%). (Fig. 1)

SCD, Sickle cell disease; HbSS, Hemoglobin SS; HbSC, Sickle Hemoglobin C Disease; HBSB+, Sickle Beta-
Plus Thalassemia.

Baseline characteristics
Baseline demographic characteristics were similar across phenotypes, with no significant differences in
sex (p = 0.522), age (median [IQR]: HbSS 28 [22–40], HbSC 26 [18–46], HbSβ + 20 [18–22.5]; p = 0.273),
geographic origin, or race.

Hematological parameters and markers of hemolysis showed significant differences between the
groups: patients with HbSS had significantly lower hemoglobin levels: median (IQR) 7.8 (7.0–8.9) g/dL
vs. 11.2 (11.0–12. 2) g/dL for HbSC and 12.2 (12.2–12.6) g/dL for HbSβ+; (p<.001) and hematocrit:
median (IQR) 22.6 (19.9–25.4) % vs. 30.7 (24.2–31.9) % for HbSC and 35.5 (34.7–35.8) % for HbSβ+;
(p<.001). In contrast, HbSS patients had the highest levels of hemolysis markers, including reticulocytes:
median (IQR) 11.8% (8.4–17.0) vs. 4.9% (4.3–8.0) for HbSC and 6.5% (6.1–6.9) for HbSβ+; p = 0.003),
total bilirubin: median (IQR) 3.0 (2.1–4.9) mg/dL vs. 2.1 (1.7–2.8) mg/dL for HbSC and 1.1 (1.0–1.2)
mg/dL for HbSβ+; (p = 0.007) and LDH: median (IQR) 695 (421–911) U/L vs. 422 (230–455) U/L for
HbSC and 208 (196–217) U/L for HbSβ+; (p<.001). (Fig. 2)

Panels show haemoglobin (A), hematocrit (B), mean corpuscular volume (MCV) (C), reticulocyte
percentage (D), total bilirubin (E), and lactate dehydrogenase (LDH) (F) according to phenotype (HbSS,
HbSC, and HbSβ+). Data are presented as boxplots with individual observations. Comparisons between
groups were performed using the Kruskal–Wallis test.

The remaining laboratory parameters, such as ferritin, creatinine, and eGFR, did not show statistically
significant differences between the phenotypes. Among the treatment variables, the use of hydroxyurea
showed statistically significant differences, being more common in patients with HbSS (N = 118; 75.6%)
compared with those with HbSC (N = 6; 28.6%) and HbSβ+ (N = 2; 66.7%) (p < 0.001). Folic acid
supplementation was also more prevalent in the HbSS group (N = 145; 92.9%) (p = 0.006). Patients with
HbSS reported a higher median number of blood transfusions in the past year (0–2) compared with
patients with HbSC (0) and HbSβ+ (1) (p = 0.008). Iron chelation therapy was similar across all groups.
(Table 1)
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Table 1
Baseline characteristics of the study population classified by phenotype of SCD

Hemoglobin phenotype SS

N = 156

SC

N = 21

SB+

N = 3

p

Demographic characteristic

Male Sex, n (%) 55 (35.2) 8 (38.1) 2 (66.6) 0.522

Panama City, n (%) 109 (69.8) 18 (85.7) 1 (33.3) 0.112

Age, y, median (IQR) 28 (22–40) 26 (18–46) 20 (18-22.5) 0.273

Mestizo Race, n (%) 63 (52.0) 11 (73.3) 1 (33.3) 0.228

Hematological parameters

Hemoglobin, g/dL, median (IQR) 7.8 (7.0–8.9) 11.2 (11.0–
12.2)

12.2 (12.2–
12.6)

< 
0.001

Hematocrit, %, median (IQR) 22.6 (19.9–
25.4)

30.7 (24.2–
31.9)

35.5 (34.7–
35.8)

< 
0.001

MCV, fL, median (IQR) 90.0 (83.7–
96.2)

83.0 (75.0–
88.0)

102.0 (98.5-
103.5)

< 
0.001

Reticulocytes, %, median (IQR) 11.8 (8.4–
17.0)

4.9 (4.3-8.0) 6.5 (6.1–6.9) 0.003

Leukocytes, ×10⁹/L, median (IQR) 10.4 (8.5–
13.1)

10.3 (7.8–
12.3)

13.3 (12.2–
13.9)

0.346

Platelets, ×10⁹/L, median (IQR) 410 (311–
505)

323 (182–
481)

430 (414–440) 0.129

Hemolysis and biochemical markers

Total bilirubin, mg/dL, median (IQR) 3.0 (2.1–4.8) 2.1 (1.7–2.8) 1.1 (1.0-1.2) 0.007

LDH, U/L, median (IQR) 695 (421–
911)

422 (230–
455)

208 (196–217) < 
0.001

Ferritin, ng/mL, median (IQR) 210 (96–444) 555 (448–
1000)

617 (608–617) 0.40

Creatinine, mg/dL, median (IQR) 0.51 (0.40–
0.66)

0.53 (0.40–
0.70)

0.71 (0.65–
0.71)

0.272

eGFR, mL/min/1.73m², median (IQR) 152 (128–
169)

149 (125–
164)

153 (145–155) 0.895

Treatment variables

Hydroxycarbamide use, n (%) 118 (75.6) 6 (28.6%) 2 (66.7) < 
0.001
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Hemoglobin phenotype SS

N = 156

SC

N = 21

SB+

N = 3

p

Demographic characteristic

Folic acid supplementation, n (%) 145 (92.9) 15 (71.4) 3 (100) 0.006

Iron chelation therapy, n (%) 6 (3.8) 1 (4.7) 0 (0) 0.921

Clinical outcomes

Transfusions in the last year, median
(IQR)

0 (0–2) 0 (0–0) 1 (1–1) 0.008

Pain crises in the last year, median
(IQR)

1 (0–2) 0 (0–1) 1 (1–1) 0.206

Hospitalizations in the last year,
median (IQR)

0 (0–1) 0 (0–0) 0 (0-0.5) 0.239

Acute chest syndrome, n (%) 14 (9) 0 (0) 0 (0) 0.311

Stroke, n (%) 12 (7.6) 0 (0) 0 (0) 0.372

Leg ulcer, n (%) 17 (11) 0 (0) 0 (0) 0.236

Avascular necrosis, n (%) 22 (14.1) 3 (14.3) 0 (0) 0.782

Cholecystectomy, n (%) 77 (49.5) 5 (23.8) 1 (33.3) 0.80

Opioid use, n (%) 46 (29.5) 5 (23.8) 0 (0) 0.472

eGFR, Estimated Glomerular Filtration Rate; IQR, interquartile range; n, number; LDH, lactate
dehydrogenase; y, year;

Clinical outcomes
Regarding clinical outcomes, no statistically significant differences were observed in the prevalence of
SCD-related complications, including pain crises, hospitalizations in the past year, acute chest syndrome,
stroke, leg ulcers, and avascular necrosis. Cholecystectomy and opioid use also showed no significant
differences between the phenotypes.

Association between the degree of anemia and SCD
complications
In the general population, the lowest hemoglobin quartile (most severe anemia) was associated with a
lower risk of developing avascular necrosis (OR 0.12; 95% CI, 0.03–0.62; p = 0.011) Similarly, in the HbSS
phenotype, the lowest hemoglobin quartile was associated with a lower risk of avascular necrosis(OR
0.14; 95% CI, 0.03–0.72; p = 0.019). Adjusted for age, sex, and hydroxyurea use. No significant
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associations were observed between hemoglobin levels and stroke (OR 1.27; p = 0.787), leg ulcers (OR
2.64; p = 0.100), or acute chest syndrome (OR 0.96; p = 0.954) in either the overall population or the HbSS
subgroup (Table 2) These associations in the HbSS subgroup are illustrated in Fig. 3, which presents
adjusted odds ratios for the relationship between low hemoglobin and clinical complications.

Table 2
Associations between SCD-related vascular complications and hemoglobin (quartile 1 vs quartiles 2 to 4

of hemoglobin) in the overall sample and SS phenotype: multivariate analysis
Complications N event /

N total
Quartile 1
(%)

Quartiles 2 to
4 (%)

Adjusted
OR

95% CI p*

Overall population (n = 180)

Stroke, lifetime 12 / 180 16.7 7.5 1.27 0.23–
7.00

0.787

Leg ulcer, lifetime 17 / 180 58.8 22.1 2.64 0.83–
8.36

0.100

Avascular necrosis,
lifetime

25 / 180 8.0 17.2 0.12 0.03–
0.62

0.011

Acute chest
syndrome, lifetime

14 / 180 21.4 25.9 0.96 0.22–
4.18

0.954

SS phenotype (n = 156)

Stroke, lifetime 12 / 156 16.7 9.1 1.27 0.23–
7.00

0.787

Leg ulcer, lifetime 17 / 156 58.8 25.9 2.64 0.83–
8.36

0.100

Avascular necrosis,
lifetime

22 / 156 9.1 16.7 0.14 0.03–
0.72

0.019

Acute chest
syndrome, lifetime

14 / 156 21.4 30.3 0.96 0.22–
4.18

0.954

CI, confidence interval; OR, Odds Ratio *Adjustment for Age, Sex and Hydroxyurea use

Forest plot of adjusted odds ratios for the association between low hemoglobin (Q1 vs Q2–Q4) and
clinical complications in SS patients. Models were adjusted for age, sex, and hydroxyurea use. CI,
confidence interval; OR, Odds Ratio.

Association between elevated LDH and SCD complications
In analyses adjusted for age and sex, elevated LDH levels (quartile 4 vs quartiles 1–3) were associated
with an increased risk of acute chest syndrome in the overall cohort (OR 1.37; 95% CI, 0.39–4.78; p = 
0.033) Higher LDH levels were also associated with avascular necrosis in the HbSS subgroup (OR 2.68;
95% CI, 1.03–7.01; p = 0.044), but not in the overall population (Table 3). No significant associations
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were observed between LDH levels and stroke or leg ulcers in either the overall cohort or the HbSS
subgroup (all p > 0.05) (Fig. 4)

Table 3
Associations between SCD-related vascular complications and LDH (quartile 1–3 vs quartiles 4 of LDH)

in the overall sample and SS phenotype: multivariate analysis
Complications N event / N

total
Quartile 1–
3 (%)

Quartiles 4
(%)

Adjusted
OR

95% CI p*

Overall population (n = 180)

Stroke, lifetime 12/180 7.4 4.4 0.84 0.17–
4.29

0.621

Leg ulcer, lifetime 17/180 8.1 13.3 1.38 0.46–
4.11

0.837

Avascular necrosis,
lifetime

25/180 10.3 24.4 2.64 1.08–
6.45

0.567

Acute chest
syndrome, lifetime

14/180 7.4 8.8 1.37 0.39–
4.78

0.033

SS phenotype (n = 156)

Stroke, lifetime 12/156 7.4 4.4 0.83 0.16–
4.40

0.826

Leg ulcer, lifetime 17/156 9.6 14.2 1.13 0.37–
3.46

0.825

Avascular necrosis,
lifetime

22/156 10.5 23.8 2.68 1.03–
7.01

0.044

Acute chest
syndrome, lifetime

14/156 8.7 9.5 1.25 0.35–
4.45

0.734

CI, confidence interval; OR, Odds Ratio; HbSS, Hemoglobin SS; HbSC, Sickle Hemoglobin C Disease;
HBSB+, Sickle Beta-Plus Thalassemia. *Adjustment for Age and Sex. p > 0.05 was considered significant.

Forest plot of adjusted odds ratios for the association between elevated LDH (Q4 vs Q1–3) and clinical
complications in SS patients. Models were adjusted for age and sex. CI, confidence interval; OR, Odds
Ratio; LDH, lactate dehydrogenase.

DISCUSSION
This cohort of adult Panamanian patients with sickle cell disease (SCD) represents the first study
conducted at Hospital Santo Tomás in Panama City. We found that anemia severity and hemolysis exert
distinct effects on vascular complications. Lower hemoglobin levels (quartile 1) were associated with a
reduced risk of avascular necrosis in both the overall cohort and the HbSS phenotype, whereas higher
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LDH levels (quartiles 2–4) were associated with an increased risk of acute chest syndrome in the overall
population and with avascular necrosis among HbSS patients.

These findings align in part with the current paradigm describing SCD as comprising overlapping but
biologically distinct sub phenotypes: a hemolysis-driven vasculopathy phenotype and a viscosity-driven
vaso-occlusive phenotype (13, 19). The association between relatively higher hemoglobin levels and
increased risk of avascular necrosis supports prior evidence linking vaso-occlusive complications to
increased blood viscosity rather than anemia severity. Mechanistically, higher hemoglobin
concentrations increase blood viscosity, erythrocyte aggregation, and microvascular flow resistance,
promoting vaso-occlusion and ischemia–reperfusion injury (20).

In contrast, our findings regarding hemolysis diverge from prior reports. Previous studies, including Kato
et al., have suggested that the hyper hemolytic phenotype is associated with a lower risk of avascular
necrosis (13), and a retrospective cohort reported an inverse association between LDH levels and
femoral head avascular necrosis (p = 0.006) (21). However, we observed that higher LDH levels were
associated with increased risk of avascular necrosis, particularly in HbSS patients. This finding suggests
that hemolysis may contribute to microvascular injury in bone through mechanisms of endothelial
dysfunction, nitric oxide depletion, oxidative stress, and inflammation (13).

Taken together, our results suggest that avascular necrosis may lie at the intersection of hemolysis- and
viscosity-driven pathways, rather than being exclusively viscosity-mediated. This integrated model is
supported by growing evidence that hemolysis biomarkers reflect overall disease severity and organ
damage (4).

We also observed a significant association between elevated LDH and acute chest syndrome, supporting
a role for hemolysis in acute organ injury. Experimental and clinical data indicate that heme released
during hemolysis acts as a damage-associated molecular pattern (DAMP), activating innate immune
pathways and promoting endothelial injury in the lungs (23). These mechanisms, along with nitric oxide
dysregulation and oxidative stress, may contribute to the development of acute chest syndrome (24).

In contrast, we did not observe significant associations between LDH and chronic complications such as
stroke or leg ulcers. While prior studies have linked hemolysis to vasculopathy complications, including
leg ulcers and stroke (13, 22), and similar findings have been reported in African cohorts (16), these
outcomes are likely multifactorial and may reflect cumulative vascular injury over time, which may not be
fully captured in cross-sectional analyses (25–27). Notably, some studies have also reported no
association between hemolysis and cerebrovascular disease (16), consistent with our findings.

This study has several limitations. The relatively small sample size, particularly for non-HbSS genotypes,
limited statistical power and subgroup analyses. The genotype distribution in our cohort (86.7% HbSS,
11.7% HbSC, 1.7% HbSβ+) differs from that reported in African (15, 16) and Middle Eastern populations
(17, 18), where HbSC and HbSβ + are more prevalent. This likely reflects selection bias inherent to a
single tertiary referral center, with preferential inclusion of patients with more severe disease. The
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retrospective cross-sectional design precludes causal inference and is subject to information and
reporting bias. Additionally, residual confounding is possible, as key modifiers such as fetal hemoglobin
levels and treatment adherence were not available. Finally, LDH is an imperfect marker of hemolysis and
may reflect tissue injury beyond erythrocyte destruction (20).

Despite these limitations, our findings support a multidimensional model of SCD pathophysiology in
which hemolysis, viscosity, inflammation, and endothelial dysfunction interact dynamically rather than
acting as independent processes. This integrated perspective may have important clinical implications,
particularly for risk stratification and phenotype-driven therapeutic strategies.

Given the single-center design, external validity may be limited; however, the predominance of HbSS and
the observed clinical profile are broadly consistent with cohorts from other low- and middle-income
settings (15–18). Prospective, multicenter studies are needed to validate these findings and to better
define the role of hemolysis biomarkers in predicting vascular complications across diverse populations.
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Figures

Figure 1

Flow diagram of patient selection and genotype distribution in the study cohort

SCD, Sickle cell disease; HbSS, Hemoglobin SS; HbSC, Sickle Hemoglobin C Disease; HBSB+, Sickle Beta-
Plus Thalassemia.
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Figure 2

Haematological and haemolysis-related parameters according to sickle cell disease phenotype

Panels show haemoglobin (A), hematocrit (B), mean corpuscular volume (MCV) (C), reticulocyte
percentage (D), total bilirubin (E), and lactate dehydrogenase (LDH) (F) according to phenotype (HbSS,
HbSC, and HbSβ+). Data are presented as boxplots with individual observations. Comparisons between
groups were performed using the Kruskal–Wallis test.
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Figure 3

Association Between Low Hemoglobin and Clinical Complications in Adults With Sickle Cell Disease (SS
Phenotype)

Forest plot of adjusted odds ratios for the association between low hemoglobin (Q1 vs Q2–Q4) and
clinical complications in SS patients. Models were adjusted for age, sex, and hydroxyurea use.  CI,
confidence interval;  OR, Odds Ratio.

Figure 4

Association Between Elevated Lactate Dehydrogenase and Clinical Complications in Adults With Sickle
Cell Disease (SS Phenotype)
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Forest plot of adjusted odds ratios for the association between elevated LDH (Q4 vs Q1–3) and clinical
complications in SS patients. Models were adjusted for age and sex. CI, confidence interval;  OR, Odds
Ratio; LDH, lactate dehydrogenase.
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